Abstract: Major and trace elements and Sr-Nd isotopic data are presented for the Quaternary alkaline volcanism NW of Ahar (NW Iran). The exposed rocks mainly consist of alkali basalts, trachybasalts, basaltic trachyandesites and trachyandesites. Alkali basalts and trachybasalts display microlithic porphyritic texture with phenocrysts of olivine, clinopyroxene, and plagioclase in microlithic groundmass. In the more evolved rocks (basaltic trachyandesites and trachyandesites), amphibole and biotite have appeared. Sr ratio and high MgO, Ni and Cr contents indicate that they were generated from relatively primitive magmas. Ba, Cr and La/Sm ratios versus Rb suggest that fractional crystallization of alkali basalts could have played a significant role in the formation of evolved rocks. Assimilation and fractional crystallization modelling, as well as Rb/Zr, Th/Yb and Ta/Yb ratios clearly indicate that crustal contamination accompanied by the fractional crystallization played an important role in petrogenesis of the trachyandesites. The small compositional differences between magma types, isotopic composition, mineralogy and nonlinear trends on Harker diagrams also indicate that magma mixing was not an essential process in the evolution of the Ahar magmas. Petrogenetic modelling has been used to constrain sources. Trace element ratio plots and REE modelling indicate that the alkali basalts were generated from a spinel-peridotite source via small degrees (~2.5%) of fractional melting.
Introduction
The Quaternary alkaline volcanism of NW Iran has been closely linked to the collision between the Afro-Arabian and Eurasian plates. The northward motion of the Afro-Arabian plate in the Late Mesozoic and Early Cenozoic was associated with subduction under the southern margin of Eurasia (e.g. engör & Yilmaz 1981; Ricou 1994; Mohajjel et al. 2003; Agard et al. 2005; Azizi & Moinevaziri 2009; Saki 2010) . Four structural zones developed in Iran as a result of Neo-Tethys subduction beneath the Central Iran Microplate (CIM) and the following collision of the Iranian and AfroArabian plates (Fig. 1a) . These structural zones include the Urumieh-Dokhtar magmatic arc (UDMA), Sanandaj-Sirjan Metamorphic Zone (SSMZ) and folded Zagros Zone (High Zagros and Zagros Simply Folded Belt) (Alavi 2004) . The UDMA represents a continental arc that formed as a result of the subduction of the Neotethyan oceanic crust under the SSMZ in the Late Mesozoic (Alavi 1994) .
This magmatic belt contains volcanic and plutonic rocks of Eocene-Quaternary age that extend from NW to SE in Iran. Magmatic activity in the UDMA started in the Late Cretaceous and continued during the Eocene until Quaternary period (Ahmadzadeh et al. 2010) . However, the peak of magmatic activity is thought to be of Eocene age (e.g. Stocklin 1974; Farhoudi 1978; Emami 1981; Jahangiri 2007) . Geochemical studies indicate that the Urumieh-Dokhtar magmatic arc is generally composed of subduction-related calc-alkaline rocks (e.g. Jung et al. 1976; Dupuy & Dostal 1978; Berberian et al. 1982; Azizi & Jahangiri 2008) . Alkaline rocks are also reported locally by Amidi et al. (1984) , Hassanzadeh (1993) , Moradian et al. (1997) , Hajalilou et al. (2009) , Khairkhah et al. (2009) , Saadat et al. (2010) , Saadat & Stern (2011) . These researchers have discussed the geochemistry, origin, magmatic processes (such as fractional crystallization, crustal contamination and magma mixing), age and tectonic settings of Quaternary volcanic rocks in Iran. The younger volcanic activity in the Urumieh-Dokhtar magmatic arc is mainly alkaline in nature and is associated with tectono-magmatic processes related to post-collisional, intra-continental rifting events (Richards 2003) . In this paper, we present new geochemical characteristics and Sr, Nd data on lavas from the Quaternary alkaline volcanism in northwest Iran, filling a gap in the knowledge of the post- 
Geological setting
The study area is located in NW Ahar, NW Iran (Fig. 1b) . In the classification of the structural units of Iran, this area is Babakhani et al. (1990). a part of the Central Iranian magmatic arc (UDMA) (Fig. 1a) . A simplified geological map of NW Ahar is shown in Fig. 2 . The composition of volcanic rocks in this area varies from calc-alkaline to alkaline during the Eocene to Quaternary. The Quaternary volcanism is represented by lava flows (Fig. 2) . The volcanic sequences in the Ahar area are correlatable with the eastern part of Turkey. According to the study of Alberti et al. (1980) , Innocenti et al. (1982) , Moinevaziri (1985) , Mitchell et al. (1999) and Jamali et al. (2010) the last phase of volcanic activity in this area occurred in Quaternary. The oldest unit of this region is Cretaceous (?) basement metamorphic rocks (micaschist, meta-diabase and amphibolite), that is exposed in a very limited area. These rocks are covered by the Upper Cretaceous volcanic and flysch type sedimentary rocks (Fig. 1b) . The Cenozoic magmatism started in the Paleocene and continued in the Eocene with intensive volcanic activity that produced widespread intermediate to felsic rocks. In the OligoceneMiocene large granitoid plutons were emplaced and this caused extensive alteration and mineralization (Mollaei 1993; Mollaei et al. 2009 ). The Oligocene-Miocene intrusions mostly consist of coarse-to medium-grained granodiorite and monzonite, with local, younger diorite and gabbro plutons. More alkaline, nepheline-syenitic to monzosyenitic bodies occur in Kaleybar and Razghah (in NW of Iran) (Ashrafi 2009; Aghazadeh 2009; Tajbakhsh 2010) . The Quaternary basaltic and trachyandesitic rocks unconformably cover the older magmatic units. This Quaternary alkaline volcanism in northwest Iran occurred after Late Miocene calc-alkaline magmatism (Jahangiri 2007) . During the Late Miocene to Quaternary, the Ahar-Arasbaran region, underwent regional contraction, shortening first in the N-NW direction and subsequently in the NNE direction. The NNE-oriented crustal shortening was accompanied by WNW stretching and extension and associated intensive alkaline magmatism in a broad zone of dextral transtension in the hinterland of the Arabia-Eurasia collision front (Mohajjel & Fergusson 2000; Sosson et al. 2005; Masson et al. 2006; Dilek et al. 2010; Jamali et al. 2010) . 
Analytical techniques
A total of about 200 samples from Quaternary alkaline rocks in the NW of Ahar were collected. One hundred twenty thin sections were studied by Polarized microscope. Fifteen representative samples were then selected for whole-rock chemical analysis (Table 1) . Samples weighed between 1-1.5 kg before crushing and powdering. Whole-rock major elements were determined by X-ray fluorescence spectrometer (XRF) and trace and rare earth elements (REE) were determined by lithium borate fusion ICP-MS at the ALS Chemex Laboratories in Vancouver, Canada.
Sr and Nd isotopic analyses were performed at the Institute of Geology and Geophysics (IGG) in Beijing, China. Mass analyses were performed with a multi-collector VG354 mass spectrometer. Rb, Sr, Sm and Nd concentrations were measured using the isotopic dilution method. Nd ratios to La Jolla Nd standard= 0.511860. Uncertainties resulting from the concentration prior to isotopic dilution are ± 2 % for Rb, ± 0.4-1 % for Sr and less than ± 0.5 % for Sm and Nd, depending upon the concentration levels.
Petrographic studies
The volcanic rocks in the study area, according to mineral assemblages, can be divided into three sub-groups, based on the GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 study of 120 samples. (I) Olivine basalt with grey to greyish brown colours, which displays vitrophyric, porphyritic and intersertal textures. Plagioclase, olivine and clinopyroxene form the main phenocryst phases in these basaltic rocks. The microcrystalline matrix is dominated by plagioclase, clinopyroxene and olivine. Rare nepheline also occurs in the groundmass of some olivine basalts; (II) Olivine trachybasalt to trachybasalt with porphyritic and trachytic textures occur. ubiquitous phenocrysts. The groundmass consists of microlithes of plagioclase, amphibole and biotite with minor clinopyroxene. Olivine occurs as phenocrysts and microphenocrysts in the basalt and trachybasalt. Some olivine phenocrysts are embayed and olivine also occurs as resorbed phenocrysts in the olivine basalts (Fig. 3a) . There are reaction rims around olivine phenocrysts. The reaction rims around the olivines are composed of fine-grained orthopyroxene, plagioclase and Fe-Ti oxide.
Clinopyroxenes are found in all rock types as phenocrysts and microphenocrysts. In some clinopyroxene phenocrysts, matrix fills embayments and the others have embayed margins suggesting resorption (Fig. 3b) . Clinopyroxene also occurs in glomeroporphyritic aggregates with plagioclase and Fe-Ti oxides.
GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562
Plagioclase phenocrysts show clear evidence of multiple evolution and periods of dissolution and growth. On the basis of textural criteria, plagioclase phenocrysts can be identified as one of three types: (a) unsieved, with no dissolution texture, (b) sieve-cored, where the cores are riddled with glass and overgrown with clear rims (Fig. 3c) , and (c) sieveringed, where a clear core is mantled by a resorption zone followed by a clear rim (Fig. 3d) .
Amphibole occurs as yellowish green to yellowish brown pleochroism phenocrysts, that are observed as reacted pheno-GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 crysts. They typically have thin rims of fine-grained pyroxene and Fe-Ti oxide (Fig. 3e) . This feature probably reflects volatile loss during ascent of magma in conduits (Rutherford & Hill 1993) . Occasionally, amphiboles breakdown to clinopyroxene, plagioclase and Fe-Ti oxides in trachyandesite (Fig. 3f) . In some amphibole phenocrysts, groundmass microlithes fill embayments. The biotites, typically euhedral grains, occur as elongated crystals surrounded by opaque grains at the rim. Fe-Ti oxides have magnetite compositions, are subhedral and are present mainly in association with mafic minerals and disseminated in the groundmass.
Geochemistry

Major and trace elements
Major and trace elements analyses were carried out on fifteen samples (Table 1) . The Quaternary volcanic rocks in Ahar have a wide range of chemical composition with SiO 2 contents ranging between 45 % and 57 %, and have been classified on the basis of their alkali and silica contents using the total alkali-SiO 2 diagram (TAS) of Le Maitre et al. (1989) . No major compositional gap or bimodality is observed; instead, all the samples lie along a well defined and relatively tight trend in the TAS diagram (Fig. 4) . On this diagram the composition of volcanic rocks is represented by alkali basalt, trachybasalt, basaltic trachyandesite and trachyandesite. This diagram also shows that all samples are plotting in the alkaline field. In the Harker diagrams, as SiO 2 increases, Fe 2 O 3 , MgO, CaO and TiO 2 decrease, while K 2 O and Al 2 O 3 increase (Fig. 5) . Such negative and positive correlations can be explained by removal of the ferromagnesian phases such as olivine and pyroxene. Compatible trace elements such as Cr, Co, V and Zn show strong negative correlation with increasing SiO 2 , whereas incompatible trace elements (e.g. Ba, Th) correlate positively (Fig. 6 ). These major and trace element trends are broadly consistent with fractional crystallization plagioclase + pyroxene + Fe-Ti oxides + amphibole + biotite removal, all of which are present as phenocrysts in the Quaternary volcanic rocks in Ahar. Primitive mantle-normalized trace elements patterns of the study area are characterized by a Nb-Ta trough and are enriched in incompatible trace elements (Fig. 7) . The negative Nb-Ta anomaly for Ahar lavas is consistent with a melt source that was metasomatized by Nb-Ta-depleted aqueous fluids produced from a dehydrating slab with residual rutile. GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562
When compared with the multi-element diagrams of the study area volcanic rocks, alkali basalts are characterized by a less marked enrichment in Rb, Ba, Th, K, Sr (Fig. 7) . Enrichment in Rb, Ba, Th, K, Sr, Zr, Hf, Pb, Ta, LREE (La, Ce) and negative anomalies in Co, V, Zn, Ti, Ni, Cu in the more differentiated rocks (trachybasalts, basaltic trachyandesites and trachyandesites) suggests that these rocks derived from the alkali basalts. Sr diagram (Fig. 8) , the alkali basalts plot in the depleted quadrant of the mantle array, whereas the trachyandesites plot in the enriched side. Basaltic trachyandesites and trachybasalts lie between the alkali basalts and trachyandesites (Fig. 8) . All the samples plot within the mantle array and close to the field of BSE (Bulk Silicate Earth). This suggestion is compatible with the Nd values of the rocks, because a positive value of epsilon for volcanic rocks implies a magma derived from an isotopically depleted source (e.g. Rollinson 1993 Nd isotope ratios of the trachyandesites may be interpreted in terms of crust-magma interaction. Sr-Nd isotopic compositions were compared with data of young volcanics from north Iran and east Turkey (Fig. 8) . The isotopic data of the Ahar Quaternary volcanic rocks are similar to the isotopic data reported from the Damavand Quaternary stratovolcano (Liotard et al. 2008; Mirnejad et al. 2010) in the central part of the Alborz magmatic belt (AMB), Quaternary volcanism from the Iran/Turkey borderlands (Kheirkhah et al. 2009 ) and Quaternary volcanic centers in Eastern Anatolia (Buket & Temel 1998) . The isotopic ratio of the Lesser Caucasus alkaline Quaternary volcanic rocks (Lebedev et al. 2003 (Lebedev et al. , 2007 , Ararat Quaternary volcano (Gülen 1984) and Neogene volcanic rocks of eastern Turkey (Aydin et al. 2008 ) are different from the study rocks (Fig. 8) 
GEOLOGICA
Discussion
Fractional crystallization
The new data reported in this study indicate that the Quaternary volcanic rocks in Ahar have similar petrographical and geochemical features and define typical alkaline trends from alkaline basalts to trachyandesites. Major element variations are mainly controlled by the fractionation of olivine and clinopyroxene, which strongly deplete the magma in MgO, TiO 2 , Fe 2 O 3 * , CaO and compatible trace elements (e.g. Co, Cr, V and Zn) (Figs. 5, 6 ). Incompatible (Rb) versus incompatible (Ba) trace element variations are linear, Hart et al. (1992) . Locations of depleted mantle (DM) and enriched mantles (EMI, EMII) are from Zindler & Hart (1986) . The samples from other Neogene alkaline volcanic suites are also plotted for comparison, including the QVA (alkaline Quaternary volcanic rocks, Ararat volcano; Gülen 1984), QVC (alkaline Quaternary volcanic rocks, Lesser Caucasus; Lebedev et al. 2003 Lebedev et al. , 2007 GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 with trends from low abundances in alkali basalts towards higher abundances in trachyandesites (Fig. 9) . Compatible (Cr) versus incompatible (Rb) element variations form curved rather than linear trends (Fig. 9) . Normalized REE patterns form parallel trends, and LREE contents increase from alkali basalts to trachyandesites (Fig. 10) . La/Sm data points (Fig. 11) plot along a line, a feature restricted to the process of fractional crystallization (Allegre & Minster 1978) . The above-mentioned characteristics show that the Quaternary volcanic rocks in Ahar evolved predominantly through fractional crystallization of the petrographically observed phenocryst assemblage (olivine + plagioclase + clinopyroxene + amphibole + biotite + Fe-Ti oxides) and fractional crystallization is the dominant process for the Ahar rocks suite.
Role of crustal contamination
In order to constrain the role of crustal contamination, we have utilized the assimilation and fractional crystallization (AFC) model of DePaolo (1981) . The negative trend in the Sr-Nd isotope diagram (Fig. 12) indicates that the magmas have been affected by crustal contamination during their ascent to the surface. We therefore attempted quantitative modelling of AFC using the equations of DePaolo (1981) . In AFC modelling, the primitive mafic endmember is the alkali basalt sample Ah-124, which has a modal mineralogy of 8 % olivine, 1 % orthopyroxene, 18 % clinopyroxene, 53 % plagioclase, 6 % alkali feldspar, and 5 % magnetite from CIPW calculations ( Table 2) . It is further calculated from the CIPW values of the parent mafic end-member (Ah-124) that the bulk distribution coefficient for Sr is 1.12, and for Nd 0.10 (D Sr = 1.12; D Nd = 0.10). The upper crust has been selected for the contaminant end-member for the AFC modelling. Upper crustal values are from Veizer & Compston (1974) and O'Nions & Hamilton (1984) . The ratios of the rate of assimilation to the rate of crystallization Kd values are from Rollinson (1993) and Keskin (1994) .
Abbrevations: Kd -mineral/melt partition coefficient, Cpx -clinopyroxene, Plag -plagioclase, Mt -magnetite. * -mafic parental end-member, sample Ah-124. ** -Of sample Ah-124 (Ol -8 %, Opx -1 %, Cpx -18 %, Plag -53 %, K-spar -6 %, Mt -5 %). GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 (r values in Fig. 12 ) are from 0.1 to 0.9. Some samples are located along AFC trajectories. Alkali basalts exhibit negligible crustal contamination according to the diagram, since they are located along the r = 0.1 trajectory (Fig. 12) . The contamination of the primitive end-member Ah-124 by the continental crust gives rise first to trachybasalts and basaltic trachyandesites and then, by a higher degree of contamination, to trachyandesites.
We have also prepared AFC modelling for Th/Yb versus Ta/Yb diagram. This diagram has been found to be useful in the determination of crustal contamination (Fig. 13) . Th is more affected than Ta and Yb during crustal contamination processes. Therefore, rocks with crustal contamination show high Th/Yb values (Wilson 1989) . In this diagram, Yb is used as a normalizing factor to minimize the effects of fractional crystallization and crystal accumulation (Pearce 1983) . The composition of the upper crust has also been plotted on the diagram. The fractional crystallization vector and AFC curve (r = 0.4) for fractionation of a crystal assemblage consisting of 8 % olivine, 1 % orthopyroxene, 18 % clinopyroxene, 53 % plagioclase, 6 % alkali feldspar, and 5 % magnetite from the Ah-124 sample are also plotted (Fig. 13) . The partition coefficients used are given in Table 2 . The alkali basalt to trachyandesite lavas of the Ahar exhibit a consistent displacement from the mantle array towards higher Th/Yb values. The alkali basalts plot close to the mantle array field, suggesting minimal crustal contamination (Fig. 14) . The trachyandesites have high ratios of Th/Yb (2.7-5.2). This suggests that the role of crustal contamination in their magma genesis cannot be ruled out.
The LILE (e.g. Rb and K) and Zr are incompatible with respect to the major crystallizing phenocryst assemblage (plagioclase, pyroxene, Fe-Ti oxides) and ratio like Rb/Zr do not significantly change by simple fractional crystallization of this assemblage. Variations in these ratios are preferably related to crustal contamination by AFC processes (Davidson et al. 1987) . Examination of the study volcanic rocks shows that, in the alkali basalts, trachybasalts and basaltic trachyandesites, there is no significant variation in the Rb/Zr ratio (Fig. 14) . The trachyandesites have a wider range of Rb/Zr values, which indicate that significant contamination is involved in the evolution of these samples. However, the trachyandesites have higher Sr and lower Nd isotope ratios, and have higher Th/Yb ratios and wider ranges in Rb/Zr values that clearly indicate crustal contamination, which has played an important role in the genesis of these rocks.
Magma mixing
Petrographic data provide evidence for magma mixing in the Quaternary volcanic rocks in Ahar. Some rocks contain disequilibrium mineral textures such as sieve textured plagioclases, and show resorption of the ferromagnesian phases such as olivine, pyroxene and amphibole. Fine-grained resorption zones in plagioclase are probably caused by superheating, as described by Tsuchiyama (1985) . The clear overgrowth rims on the sieved cores demonstrate that the reaction took place before crystallization of the inclusion groundmass began. Phenocrysts which are reacted and resorbed in the study area formed when their host magma interacted with a more basic one. The olivine phenocrysts exhibit normal zoning whereas some of the plagioclases are reversely zoned. These features may be generated by fractionation of plagioclase in a magma chamber at depth, with a sudden influx of more primitive phenocrystpoor magma. The result is continuous normal zoning of olivine phenocrysts and reversed zoning of the previously formed plagioclase phenocrysts as a result of the new liquid composition (e.g. more primitive). Whole-rock major and trace element chemistry is also an excellent method of determining mixing relationships (Reid et al. 1983; Srogi & Lutz 1997) . Perfect mixing may be identified by linear trends for GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 all elements in Harker diagrams, but nonlinear trends on Harker variation diagrams are consistent with crystal fractionation processes (Wall et al. 1987) (Figs. 5, 6 ). La, Sm and Yb concentrations are from McDonough (1990) , modal mineralogy of the spinel-peridotite are from Wilson (1989: p. 50 ) and mineral/melt partition coeficients of the basaltic melts are from Fujimaki, Tatsumoto & Aoki (1984) ; McKenzie & O'Nions (1991) ; Rollinson (1993: p. 108) . Abbrevations: Opxorthopyroxene; Cpx -clinopyroxene; Ol -olivine.
It is very difficult to assess the extent of magma mixing if the source was the same for all magmas. However, magma mixing is not believed to be of great importance in the evolution of Ahar magmas, because: (1) the small compositional differences between magma types, (2) the identical isotopic signatures of the erupted lavas, and (3) the domination of normally zoned phenocrysts (olivine and plagioclase) over the occasional reversely zoned plagioclases (4) unlinear trends in Harker diagrams.
Determination of source characteristics
Whole-rock REE content is mainly controlled by source composition and degree of partial melting and as such it has been widely used to determine the origin of the magmas, and the degree of, and variation in mantle melting (e.g. Gurenko & Chaussidon 1995; Johnson 1998; Münker 2000; Green 2006; Zhao & Zhou 2007) . The REE are moderately incompatible during melting of mantle peridotite according to their partitioning coefficient (Johnson 1998) , and thus, their concentrations and ratios are not greatly affected by mantle depletion and fluid influx (Pearce & Peate 1995; Münker 2000) . Sm/Yb ratios can be used to constrain the source mineralogy of the alkaline magmas, since Yb is compatible with garnet. Thus, we have achieved REE modelling of the alkali basalt samples (Fig. 15) . In REE modelling, we use the fractional and batch melting equations of Shaw (1970) . La, Sm and Yb concentrations, mineral/melt (K d ) and bulk (D 0 ) partition coeffcients and modal mineralogy of the spinel-peridotite and garnet-peridotite are reported in Tables 3 and 4 . The plot of Sm/Yb versus La/Sm and La/Yb distinguishes between melting of garnet-and spinel-peridotite sources (Fig. 15) . Partial melting of a spinel-peridotite source produces melts with lower Sm/Yb ratios than a garnet-peridotite source. It is apparent from Figure 15 that the alkali basalt clearly plots on the fractional melting curve of spinel-peridotite. REE modelling indicates that the alkali basalts formed by partial melting of spinel-peridotite sources via degree of partial melting ranging from ~1 % to ~3 %. In Table 5 -trace element contents, bulk distribution coeficients and results obtained from the calculations of 1 % to 5 % fractional melting of the spinel-peridotite are reported. The results obtained from 1 % to 5 % degree of partial melting modelling were compared to the alkali basalt samples on the primitive mantle-normalized spidergram (Fig. 16) . It is clear in Figure 16 that the trace element pattern obtained from the 2.5 % fractional melting of the spinel-peridotite sample has the highest similarity to the alkali basalt samples. We conclude that the alkali basalt samples were generated by low degree partial melting (~2.5 %) of a spinel-peridotite source.
GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA GEOLOGICA CARPATHICA, 2011, 62, 6, 547-562 Sen & Leeman (1991) , modal mineralogy of the garnet-peridotite are from Wilson (1989: p. 50 ) and mineral/melt partition coeficients of the basaltic melts are from Irving & Frey (1978) , Fujimaki, Tatsumoto & Aoki (1984) ; Rollinson (1993: p. 108) . Abbrevations: Opx -orthopyroxene; Cpx -clinopyroxene; Ol -olivine. Table 5 . Modal mineralogy of the spinel-peridotite as in Table 3 .
Geodynamic implications
NW Iran is in the central part of the Arabian lithospheric collisional zone, which experienced N-S shortening and E-W extension accompanied by intense faulting, strong earthquakes and active volcanism (e.g. Dewey et al. 1986; Karakhanian et al. 1997; Talebian & Jackson 2002; Karakhanian et al. 2004; Copley & Jackson 2006) . This region was affected by a complex tectonic regime from the Late Paleocene-Early Eocene ( engör & Kidd 1979; Topuz et al. 2005; Karsli et al. 2007; Önal & Kaya 2007) . The melt generation modelling and geochemical results presented above show that the source of the alkaline rocks is enriched in LILE and LREE relative to primitive mantle (PM) and depleted MORB mantle (DMM).
Three main geodynamic models have been suggested to explain the melting process of the lithospheric mantle in NW Iran and SE Turkey. They include mantle plume (Ershov & Nikishin 2004) , partial lithospheric delamination (Pearce et al. 1990 ) and slab breakoff (Keskin 2003; engör et al. 2003 Nd compared to rocks derived from plumes (e.g. Quaternary Hocheifel lavas (QH)) (Fig. 8) . A mantle plume would also be expected to produce a dynamic uplift over an area 1000-2000 km in diameter (White & McKenzie 1989; Hill et al. 1992; Ritter & Christensen 2007) . Furthermore, the overall volcanic expression in NW Iran is asymmetrical, extending in a NW-SE trend sub-parallel to the general trend of the orogenic belt. Therefore, a possible cause of the melting of the lithospheric mantle beneath the area can be explained by heat from asthenospheric upwelling resulting from lithospheric delamination or by detachment of subducted slab following collision. Both mechanisms involve ascent of asthenospheric mantle to replace the sinking material. These are not mutually exclusive explanations (Keskin et al. 2006; Dokuz 2010) . A partial lithospheric delamination model is suggested by Pearce et al. (1990) for volcanism in Eastern Anatolia and recently by Liotard et al. (2008) for the genesis of Quaternary alkaline volcanic rocks in Damavand volcano. The slab breakoff model is proposed by Keskin (2003) Ghasemi & Talbot (2006) and Omrani et al. (2008) for Pliocene-Quaternary volcanic rocks at UDMA in the Zagros orogeny. The northern part of UDMA has experienced calc-alkaline magmatism during the Eocene period and alkaline and ultrapotassic magmatism during the Quaternary period (Ahmadzadeh et al. 2010) . Preliminary research indicates that calc-alkaline magmatism during the Eocene is related to subduction of Neo-Tethys oceanic crust beneath CIM. Opening of the Red Sea and the Gulf of Aden and rotation of the Arabian plate has been responsible for oblique convergence between the Arabian plate and CIM and the final closure of the NeoTethys Ocean. The final closure of Neo-Tethys and collision between the Arabian plate and CIM took place before or during the Late Miocene (Berberian & Berberian 1981; Berberian et al. 1982; Dargahi 2007) . In the northern part of UDMA, cessation of magmatism occurred after the main period of convergence, probably controlled by rollback processes and subsequent breakoff of the subducted slab (Ghasemi & Talbot 2006; Jahangiri 2007) . After the calc-alkaline volcanism, an extensional transtensional regime was developed in the Oligocene-Miocene period. As a result of extensional transtensional regime, local volcanic activities occurred along the main dextral faults, like the north-Tabriz dextral fault. The volcanic activity along the north Tabriz dextral fault is represented by the Late Miocene and ultrapotassic and alkaline mafic magmas with adakitic signatures during the PlioceneQuaternary (Ahmadzadeh et al. 2010) .
These variations in the lava chemistry of the Cenozoic volcanic rocks (Eocene to Quaternary) indicate a geochemical progression from calc-alkaline to more alkaline compositions over time and a spatial shift from north to south towards the Arabian plate. Considering the temporal and spatial relationship between calc-alkaline, adakitic, ultrapotassic and alkaline rocks, the northwestern UDMA is a special case of subduction-related, rollback magmatism and was possibly related to a slab breakoff (detachment) system. Slab breakoff leads to the generation of a shallow thermal perturbation and opening of an asthenospheric window that in turn caused partial melting of the subduction metasomatized lithospheric mantle beneath the collision zone (Davies & von Blanckenburg 1995) . The findings of the recent northern part of UDMA (TaghizadehFarahmand 2010) and eastern Turkey seismic experiment (Al-Lazki et al. 2003; Gök et al. 2003; Zor et al. 2003) and seismic velocity from the Zagros collision to UDMA and CIM (Kaviani et al. 2007) , along with the tomographic models, suggest that velocity difference at shallow depth is due to higher mantle temperatures and/or higher fluid content beneath NW Iran and eastern Turkey. These observations, combined with trace element and isotope characteristics of these volcanic sequences, suggest that their magmas were derived from partial melting of subduction-metasomatized continental lithospheric mantle in the spinel-peridotite field beneath the CIM.
Conclusions
The Ahar volcanic rocks range from alkali basalts to trachyandesites and show a typical alkaline differentiation trend.
Major and trace element variations indicate fractional crystallization. Alkali basalts crystallized from relatively primitive magma as suggested by their mineralogy, geochemistry and trace element ratios. AFC modelling, as well as trace element ratios indicate that crustal contamination played an important role in petrogenesis of the trachyandesites. The small compositional differences between magma types, identical isotopic signatures, the domination of normally zoned phenocrysts and nonlinear trends on Harker diagrams also suggest that magma mixing is not of great importance in the evolution of the Ahar magmas. Alkali basalts were derived from a spinel-peridotite mantle source via a small degree (~2.5 %) of partial melting.
